Articular cartilage plays an essential role in joint lubrication and impact absorption. Through this, the mechanical signals are coupled to the tissue's physiological response. Healthy synovial fluid has been shown to reduce and homogenize the shear stress acting on the cartilage surfaces due to its unique shear-thinning viscosity. As cartilage tissues are sensitive to mechanical changes in articulation, it was hypothesized that replacing the traditional culture medium with a healthy non-Newtonian lubricant could enhance tissue development in a cartilage engineering model, where joint-kinematic-mimicking mechanical loading is applied. Different amounts of hyaluronic acid were added to the culture medium to replicate the viscosities of synovial fluid at different health states. Hyaluronic acid supplementation, especially at a physiologically healthy concentration (2.0 mg ml 21 ), promoted a better preservation of chondrocyte phenotype. The ratio of collagen II to collagen I mRNA was 4.5 times that of the control group, implying better tissue development (however, with no significant difference of measured collagen II content), with a good retention of collagen II and proteoglycan in the mechanically active region. Simulating synovial fluid properties by hyaluronic acid supplementation created a favourable mechanical environment for mechanically loaded constructs. These findings may help in understanding the influence of joint articulation on tissue homeostasis, and moreover, improve methods for functional cartilage tissue engineering.
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Articular cartilage plays an essential role in joint lubrication and impact absorption. Through this, the mechanical signals are coupled to the tissue's physiological response. Healthy synovial fluid has been shown to reduce and homogenize the shear stress acting on the cartilage surfaces due to its unique shear-thinning viscosity. As cartilage tissues are sensitive to mechanical changes in articulation, it was hypothesized that replacing the traditional culture medium with a healthy non-Newtonian lubricant could enhance tissue development in a cartilage engineering model, where joint-kinematic-mimicking mechanical loading is applied. Different amounts of hyaluronic acid were added to the culture medium to replicate the viscosities of synovial fluid at different health states. Hyaluronic acid supplementation, especially at a physiologically healthy concentration (2.0 mg ml 21 ), promoted a better preservation of chondrocyte phenotype. The ratio of collagen II to collagen I mRNA was 4.5 times that of the control group, implying better tissue development (however, with no significant difference of measured collagen II content), with a good retention of collagen II and proteoglycan in the mechanically active region. Simulating synovial fluid properties by hyaluronic acid supplementation created a favourable mechanical environment for mechanically loaded constructs. These findings may help in understanding the influence of joint articulation on tissue homeostasis, and moreover, improve methods for functional cartilage tissue engineering.
Introduction
Articular cartilage is a hyaline cartilage lining the articulating surface of bones, with an essential role in joint lubrication and impact absorption. These functions are mainly attributed to the articular cartilage's molecular composition, internal structure and surface roughness [1] [2] [3] [4] . On the other hand, mechanical cues during joint articulation affect cell and tissue responses, leading either to homeostasis as observed in healthy joints, or to a catabolic and inflammatory shift ultimately leading to articular cartilage degeneration [2, 5, 6] . Clarifying the mechanism involved in these biological responses is essential for cartilage tissue engineering (TE) and for molecular treatments of cartilage degeneration; the interface between mechanics and physiology therefore receives increasing attention in the field.
Studies have shown that physical stimuli affecting chondrocyte behaviour mainly act through extracellular matrix (ECM), which in turn is composed and maintained by the secretions of chondrocytes [5, 7] . Importantly, the microscale interactions between the ECM and cells seem to be specifically defined by distinct macroscale mechanical modifications on the tissue level, as demonstrated by a series of in vitro physiological loading studies involving kinematic movements. Early studies applying a simple combination of small axial compression and single-directional shearing on cartilage explants have shown a stimulatory effect on proteoglycan synthesis [8, 9] . Stoddart et al. introduced an innovative device that rolled a cylinder across 'de novo cartilage-like tissue' to apply cyclical compression, rolling and shearing simultaneously [10] , which was relatively closer to the physiological loading on native cartilage. This type of stimulus resulted in an upregulation of collagen II and aggrecan gene expression, and an overall increase in tissue glycosaminoglycan (GAG) production and deposition. Grad and colleagues conducted a series of studies with a bioreactor, which applies a joint-kinematic-mimicking (JKM) treatment on tissue-engineered cartilage [11] [12] [13] [14] . JKM treatment was able to replicate the relative movements between two opposing cartilage layers in a human joint and it was shown to be critical in maintaining the homeostasis at the contacting interface by promoting gene expression of ECM molecules like collagen II and aggrecan, and lubricating proteins such as lubricin (PRG4). Considering JKM treatment as a promising method for developing functional cartilage tissue, a better outcome is expected by further modifying the mechanical stimulation to even better replicate the in vivo situation.
While lubricant is accepted as a major mechanical modifier in surface-surface gliding interaction, and is applied widely in industrial mechanics, it is surprising that it has rarely been investigated in cell and tissue studies, especially when considering that shearing effects are important for cartilage tissue health [6, 7] . Studies involving surface articulation and/or evaluating the fluid shearing effect have been mostly conducted in culture medium, which has a water-like Newtonian fluid property [6, 7, 15] . However, the native lubricant, synovial fluid, demonstrates a varying non-Newtonian behaviour depending on its health state [16, 17] . Moreover, mechanical experiments and numerical studies have shown that healthy synovial fluid reduces and homogenizes the shear stress acting on the cartilage surfaces, as compared to Newtonian fluids [18] and degenerative synovial fluid [19] . As cartilage tissue and TE constructs are reported to be sensitive to changes in articulation [15] , taking the non-Newtonian properties of the synovial fluid into account when conducting in vitro loading experiments will better represent the in vivo physiology and may ultimately affect the study outcome.
It was hence hypothesized that a non-Newtonian culture medium with similar properties to healthy synovial fluid would provide the optimal environment for TE cartilage development in a loading environment. The aim of this study was to investigate the development of engineered cartilage tissue with varying viscosities of the lubricant in a hybrid dynamic environment (JKM treatment). The different viscosities of the non-Newtonian fluid were achieved by adding varying amounts of hyaluronic acid (HA) into the culture medium. The existence of HA was reported as the major determinant of the non-Newtonian behaviour of synovial fluid [16] , and the relationship between fluid viscosity and HA concentration has been previously demonstrated [20] .
Material and methods

Polyurethane scaffolds
Porous polyurethane scaffolds were prepared in a cylinder shape (diameter ¼ 8 mm, height ¼ 4 mm) using hexamethylene diisocyanate, poly (1-caprolactone) diol and isosorbide diol (1,4 : 3,6-dianhydro-D-sorbitol) as described elsewhere [21] . Interconnected pores spreading homogeneously in the scaffolds had an average size of 200 -400 mm. The scaffolds were cut to shape with a biopsy punch and subsequently sterilized in a cold-cycle (378C) ethylene oxide process. Evacuation was maintained at 458C and 150 mbar for at least 2 days before usage.
Chondrocyte isolation, seeding and culture
Chondrocytes were isolated from the cartilage of bovine (three to five month old) fetlock joints by sequential 1 h proteinase predigestion and overnight collagenase digestion [22] . Collected chondrocytes (5 Â 10 6 cells) were suspended in 75 ml of fibrinogen solution (34 mg ml 21 , Baxter Biosurgery, Vienna, Austria) and were mixed with 75 ml of thrombin solution (1 U ml 21 , Baxter Biosurgery, Vienna, Austria) directly before seeding into each scaffold [23] .
Fresh constructs were placed in a custom-made sample holder and incubated for 1 h (378C, 5% CO 2 , 95% humidity) to permit fibrin gelation, followed by the addition of 3 ml of growth medium (Dulbecco's modified Eagle's medium (DMEM) supplemented with antibiotics, 10% fetal calf serum (FCS), 50 mg ml 21 of ascorbic acid, 40 mg ml 21 of L-proline and non-essential amino acids). As primary chondrocytes are susceptible to oxidative damage [24] , ascorbic acid (SigmaAldrich, Saint Louis, MO, USA) (as a donor for hydroxylation of proline during collagen production) was added to the growth medium after 2 days. The cell -scaffold constructs were kept under static culturing conditions for 7 days, with a medium change every other day, before being exposed to JKM treatment and/or HA treatment as described below.
Treatments
JKM treatment on the constructs was performed for 1 h per day with a previously described, custom-made cartilage bioreactor inside an incubator at 378C, 5% CO 2 and 85% humidity [12] . Briefly, compression and interface motion were created with a commercially available spherical ceramic hip prosthesis head (32 mm in diameter) pressing on top of each construct. JKM interface motion was generated by the combination of three different movements in the same phase: (i) translation of the ball along the cylindrical axis of the scaffold creating 10% sinusoidal compressive strain (0.1 Hz), superimposed on a 10% static offset strain of the scaffold, (ii) rotation of the sample holder (+7.58, 0.1 Hz) around the cylindrical axis of the scaffold and (iii) oscillation of the ball (+258, 0.1 Hz) about an axis perpendicular to the scaffold axis. The last two movements generated elliptical, crossing motion trajectories similar to those experienced in vivo during gait, thereby approximating closely the complex motion of, but not the daily duration of, the most common dynamic joint loading [12] .
For HA treatment, constructs were exposed to medium supplemented with high-molecular-weight HA (1.8 MDa, Fidia farmaceutici S.p.A., Abano Terme, Italy) at three different concentrations (0.5, 2.0 or 4.0 mg ml
21
) for 1 h per day, with 2.0 mg ml 21 as a typical physiologically healthy concentration [16, 20] .
Six repeated experiments were conducted (n ¼ 6). For each experiment, two samples were assigned to each of the following eight groups:
-group XX þ 00 was the control group without JKM or HA treatment rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170255 -groups XX þ 05, XX þ 20 and XX þ 40 were exposed to HA treatment at a concentration of 0.5, 2.0 or 4.0 mg ml 21 , respectively (without JKM) -group CS þ 00 was exposed to JKM treatment (without HA) -groups CS þ 05, CS þ 20 and CS þ 40 were exposed to HA treatment at a concentration of 0.5, 2.0 or 4.0 mg ml 21 and simultaneous JKM treatment.
Immediately before each experimental treatment, the culture medium was changed to the respective test medium (with/without HA), and immediately after the treatment the medium was changed back to normal, fresh growth medium (without HA). Therefore, four different concentrations of HA in culture medium were compared with or without JKM as mechanical stimuli. After treatment (if any), the constructs were then kept in a static culture state until the next treatment. The treatment was performed once per day for 5 days, followed by 2 days of static culture and subsequently for another 5 days of treatment. In total, 10 treatment cycles were conducted. After the experiment, samples were halved and further processed for gene expression analysis, histology, 1,9-dimethyl methylene blue (DMMB) and ELISA assays (n ¼ 6 per analysis).
Gene expression analysis (RT-qPCR)
The effect of the mechanical treatment on mRNA expression of cartilage markers was tested by RT-qPCR analysis of collagen I, collagen II, aggrecan, lubricin and cartilage oligomeric matrix protein (COMP) [25] [26] [27] . Briefly, constructs were pulverized in liquid nitrogen, and RNA was extracted with the TRIzol/chloroform method according to the manufacturer's specifications (Invitrogen, Carlsbad, CA, USA). The collected RNA was further purified using the RNeasy w Mini Kit (QIAGEN AG, Hombrechtikon, Switzerland). Subsequently, 1 mg of RNA was reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems, Foster City, CA, USA).
Gene expression levels were then measured using real-time polymerase chain reaction (PCR) with the oligonucleotide primers and TaqMan w Fast Universal PCR Master Mix (Applied Biosystems). The primers used were all commercially available: Bt03214883_m1 for collagen I, Bt03251861_m1 for collagen II, Bt03212186_m1 for aggrecan, Bt04299827_m1 for lubricin and Bt04299192_g1 for COMP (all from Applied Biosystems). The endogenous control was 18S ribosomal RNA [28] , and relative quantification of target RNA was performed based on the comparative C T method [29] .
Protein expression analysis (histology, immunohistochemistry, DMMB, ELISA)
Different methods were used to measure collagen I, collagen II, aggrecan, lubricin, proteoglycan and glycosaminoglycan (GAG) on the protein level as described in more detail below:
Histology
Constructs were fixed by snap-freezing in OCT compound (R. Jung GmbH, Nussloch, Germany) and were cut on a microtome (Carl Zeiss AG, Oberkochen, Germany) to produce 8 mm serial cryosections. To show the deposition of sulphated GAGs, sample sections were stained with Safranin O (Chroma, Mü nster, Germany) and counterstained with Weigert's haematoxylin (Merck, Whitehouse Station, NJ, USA) and fast green (Fluka, St Louis, MO, USA).
Immunohistochemistry
Immunohistochemistry (IHC) analysis was used to investigate the deposition of collagen I, collagen II and aggrecan on cryosections (see above). After horse serum was applied to block the non-specific sites, the primary antibodies against collagen I (Sigma-Aldrich, Saint Louis, MO, USA), collagen type II 
DMMB assay
Samples for biochemical analysis were digested overnight at 568C in 0.5 mg ml 21 proteinase K (Roche, Basel, Switzerland). Hyaluronidase (MP Biomedicals LLC, Santa Ana, USA) treatment (2 units for 1 ml of medium, at 378C for 1 h) was used to digest the HA (if any) for each proteinase-K-digested sample. The amount of GAG retained within the constructs was determined by the DMMB (Sigma-Aldrich, Buchs, Switzerland) dye-binding assay [31] . It is worth noting that a preliminary test was designed, in which three groups of HA solutions (HA in fresh culture medium, in a standard medium and in a collected culture medium from group CS þ 20) with four HA concentrations (0 mg ml 21 , 0.5 mg ml
21
, 2 mg ml 21 and 4 mg ml
) in each group were measured with the DMMB assay following the hyaluronidase treatment. The preliminary test resulted in no detectable differences between four HA solutions within each group. Therefore, the influence of HA on the accuracy of DMMB after the hyaluronidase treatment was considered negligible.
ELISA
Competitive enzyme-linked immunosorbent assays were used to measure collagen II and lubricin content in the constructs. Each tested sample was weighed, pulverized under liquid nitrogen and then mixed with an appropriate amount of PBS to reach a rough concentration of tissue wet weight at 0.1 mg ml
21
. After that, the homogenates were centrifuged for 15 min at 1500g and the supernatants were collected. Commercially available ELISA kits (MyBioSource, Inc., San Diego, CA, USA) were then used to quantify collagen II and lubricin by strictly following the provided protocols. Results were normalized to total DNA content within the construct, measured using Hö chst 33258 dye (Polysciences Inc., Warrington, PA, USA) [32] .
Statistical analysis
Gene expression results are presented as a fold change relative to the controls (XX þ 00). Protein expression results of collagen II and lubricin were first calibrated to the total DNA content of the same samples and subsequently calculated relative to the values of the controls (XX þ 00). The total GAG content in each construct was calculated relative to the values of the controls (XX þ 00) to better compare with the histology results. Statistical analysis was performed by the software GraphPad w Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). Values were analysed by two-way ANOVA and Fisher's LSD test with a p-value , 0.05 considered as statistically significant. Data are presented as average with standard deviation.
Results
Gene expression analysis (collagen I, collagen II, aggrecan, lubricin, COMP)
Gene expression data are depicted in figure 1 . JKM treatment resulted in a significant decrease of collagen I compared to rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170255 the control (CS þ 00, CS þ 05, CS þ 20), while different HA concentrations had no significant impact on the result. Collagen II was slightly increased by JKM treatment, although this was only significant for CS þ 20. However, the ratio of collagen II to collagen I in CS þ 20 was 4.5Â that of the control. Lubricin and COMP were significantly induced by JKM treatment, about 5-8 times and 9-10 times, respectively, independent of the HA concentration, whereas no differences were observed for aggrecan under any treatment.
Histology ( proteoglycans)
Safranin O staining demonstrated an expression of sulphated GAGs/PGs along the upper surface of the JKM-treated scaffolds (figure 2), with the strongest expression in group CS þ 20, although PG expression remained more superficial than for collagen I and II (figures 3 and 4). Group XX þ 05 and XX þ 40 are not shown as they showed similar results to group XX þ 20.
The Safranin O staining results could be confounded by exposure to HA, which may possibly combine with the dye. However, due to the fact that an increase in density in the staining was not found with increase in HA concentration, it is reasonable to consider HA to not have a major influence on Safranin O staining.
Immunohistochemistry (collagen I, collagen II, aggrecan)
Collagen I (figure 3) was present in the upper surface region of the JKM-treated samples, regardless of the applied HA concentration. Without loading, a thin positive layer on top of the scaffold was present. Collagen II staining was scattered in all the groups except for group CS þ 20, mostly spread at the edges or the surfaces of the scaffolds. Only in group CS þ 20, a cluster of collagen II was seen in the upper area of the tissue, with better Aggrecan showed strong and homogeneous staining in the areas of 40 -60% of the samples from the top; however, there was no obvious difference between the groups (results not shown).
DMMB assay (sulphated glycosaminoglycans)
GAG content in the tissue did not show obvious differences between all the groups, except for group XX þ 40, where a significant decrease was found compared to the control group (figure 5).
ELISA (collagen II, lubricin)
While neither treatment significantly affected collagen II protein expression, a slight increase could be observed upon JKM application. Lubricin showed a similar pattern, with significantly higher values in CS þ 20 compared to the control (figure 6).
Discussion
The present study investigated the effect of JKM treatment and HA treatment on the development of engineered cartilage constructs, at both the gene and protein level, across a broad range of viscosities. Under static conditions, HA rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170255 supplementation did not affect the quality of the engineered cartilage tissues, although high-molecular-weight HA has been described to induce growth of the cartilage matrix [33 -35] . The lack of an HA effect without loading may be due to the short exposure (1 h per day) compared to other studies [36, 37] or the high viscosity of the medium, which may have restricted diffusion into the construct [20] . However, when JKM treatment was combined with HA treatment, interesting results were found. JKM treatment demonstrated a promising potential for increasing the development of the engineered cartilage tissue, while adding HA treatment, especially at a concentration of 2.0 mg ml 21 , indicated a supplemental effect on boosting tissue development. Although increases in the mean values for total collagen II and PRG4 were observed with increasing HA concentration, significant differences were only seen for a few group comparisons.
A post hoc analysis with n ¼ 6 per group and the measured variation showed power values of more than 0.8 for an effect size of 1.5, which we would also consider a meaningful difference in these outcome parameters.
One of the main ECM components in cartilage is collagen II, which constitutes 90% of all collagens [38, 39] . An extensive network of collagen II fibrils provides healthy articular cartilage with its mechanical integrity and functionality, hence it is generally regarded as a primary indicator of articular cartilage differentiation and maturation [1] . Similar to previous reports [12 -14] , we were able to demonstrate that JKM treatment with/without HA promoted collagen II expression on the gene level, with a corresponding trend on the protein level. The best results upon JKM treatment were obtained with the physiological concentration of HA (2 mg ml 21 ), with a retention of collagen II in the upper area of the construct, where mechanical loading was sensed by the cells (namely the mechanically active region [40] ). These results suggest a positive role of 2 mg ml 21 HA in culture medium as a mechanical mediator during JKM articulation, although the complexity of the in vivo collagen II network is clearly higher than that observed in the constructs. Concomitant to an increase in collagen II, JKM treatment also reduced collagen I mRNA levels, hence supporting the notion that loading preserved the chondrocyte phenotype as collagen I would be considered a sign of dedifferentiation [1] . In unloaded constructs, IHC analysis furthermore demonstrated a dense collagen I layer at the top of the constructs, implying the existence of fibroblast rather than chondrocytes under static conditions. Similar to collagen II, histological analysis provided evidence for higher proteoglycan accumulation in the mechanically active region upon JKM treatments, especially with 2 mg ml 21 HA supplementation. On the other hand, aggrecan (a major high-molecular-weight proteoglycan for articular cartilage [41, 42] ) was neither affected by JKM nor HA treatment, although its expression has previously been described to be mechanosensitive [13, 14] . This might be due to the reason that the protein expression level of aggrecan was sufficiently high already in the control group by the current tissue engineering method. However, further investigation is still needed for explaining the mechanism. Likewise, no significant changes in construct GAG content were detected (DMMB). However, as this scaffold system has been shown to release GAG into the medium, especially under loading conditions [13, 14] , the construct measurement may not reflect the total amount of produced GAG. In fact, it was previously shown that cell-seeded scaffolds exposed to any intensity of external fluid mixing (80-160 rpm) produced rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170255 more GAG than controls but retained lower fractions of GAG within the scaffold [43] . Apart from collagens and proteoglycan, lubricin was also investigated in this study. Lubricin, which is secreted by chondrocytes and present largely in the superficial zone of cartilage, provides lubrication to articulating regions and prevents cell and protein adhesion [44] . We found lubricin gene expression to be sensitive to JKM treatment, whereas a significant increase in lubricin protein was only present with 2 mg ml 21 HA supplementation. As surface motion was previously shown to be specifically responsible for the lubricin content [11] , JKM treatment with 2 mg ml 21 of HA supplementation may have resulted in a more physiological surface articulation.
In the study, we assumed that the fluid viscosity was mainly determined by the HA concentration. However, some variation in the viscosity might exist between solvents of normal culture medium, used in the current study, and pure bovine serum, used in previous rheological investigations [20] . However, culture medium (with 10% FCS) is required for the tissue culture model, and supplementation with only bovine serum could be difficult for the tissue culturing purpose and might further complicate the analysis of chondrocyte metabolism.
The advantages of JKM treatment and the additional benefits of 2.0 mg ml 21 HA supplementation may be linked to the mechanical mechanism at the cartilage-synovial interface, which was the interface of the tissue and the solid sphere in the medium environment. The healthy, non-Newtonian, shear-thinning fluid property introduced by 2.0 mg ml 21 HA [16, 20] may have homogenized and stabilized the shear stress distributed on the tissue top layer during JKM treatment. Using a numerical model, we have previously shown that a stable (in time, when the sliding speed changed) and homogeneous (in space) fluid shear stress distribution existed only when healthy synovial fluid was applied [19] . Moreover, chondrocytes were shown to react differently depending on the nature of sliding [11, 15] , and a mild and stable shearing is generally beneficial [45] . Therefore, one can speculate that the homogeneous and stable shearing stress produced by the combination of JKM and 2 mg ml 21 HA treatments formed the optimal mechanical environment for the chondrocytes at the top layer of the tissue, leading to enhanced expression of collagen II, lubricin and other ECM proteins. However, fluid transportation and diffusion should also be considered to play a role in the observed outcome. A mathematical model by Suh simulated an unconfined dynamic compression on cartilage tissue [46] . The model showed 'vigorous interstitial fluid flow' with good nutrient supply (small molecules) driven by the dynamic pressure gradients. Similarly, JKM treatment may have improved the fluid movement in the upper region of the tissue by creating dynamic and multidirectional pressure gradients, resulting in a better transportation of nutrients and waste within this region. On the other hand, the release of larger macromolecules from the tissue was shown to be hindered by a fluid environment with a high concentration of large-molecularweight solutes, while diffusion of smaller molecules was not affected [47] . Therefore, HA supplementation in the fluid environment may benefit the retention of the matrix molecules (large molecules) like collagen II and proteoglycans in the construct.
A third reason for an improved metabolism could be attributed to the convection promised by nonlinear dynamic mechanical treatment [48] . Using a numerical model, Mauck et al. showed that physiological dynamic loading could significantly enhance large-molecular-weight solute transport into the construct by convection [49] . Hence, JKM treatment may have transported the large-molecular-weight HA from the culture medium into the mechanically active region of the construct, allowing for its interaction with the chondrocytes and other ECM molecules. HA with a large molecular weight has been reported to exhibit cartilageprotective effects, including stimulation of chondrocyte proliferation and production of cartilage matrix [33] [34] [35] . This may also explain why adding HA in static cultures had limited effects, as it does not penetrate as readily by diffusion.
Several directions remain interesting for future studies. It would be worth to compare the mechanical properties (i.e. permeability, aggregate modulus, surface roughness, etc.) of cartilage tissue constructs after various treatments. Studies investigating the underlying mechanotransduction mechanisms (e.g. TRP channels, TGF-beta pathway and others) could provide useful insights into further advance in the field of cartilage TE or point towards potential therapeutic candidates for osteoarthritis. Furthermore, prolonging culture periods may result in enhanced outcomes, as indicated by the literature [50, 51] . The spherical indenter could be replaced by a natural cartilage or TE cartilage surface, as the aggregate modulus [52] , surface roughness [4] and permeability [53, 54] of the opposing surface might play vital roles in the interface mechanics.
In summary, in this study the mechanical influence of varying media viscosity by HA supplementation was investigated. We have demonstrated that HA supplementation simulating healthy synovial fluid properties created a favourable environment for mechanically loaded TE constructs, resulting in improved matrix production. These findings may help in understanding the homeostasis mechanism of joint articulation and, moreover, promise an improved method for functional cartilage engineering.
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